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The 2D-Raman-THz response of liquid water is studied in depen-
dence of temperature and isotope substitution (H2O, D2O and H182 O).
In either case, a very short-lived (i.e., between 75-95 fs) echo is ob-
served that reports on the inhomogeneity of the low-frequency inter-
molecular modes, and hence on the heterogeneity of the hydrogen-
bond networks of water. The echo lifetime slows down by about 20%
when cooling the liquid from room temperature to the freezing point.
Furthermore, the echo lifetime of D2O is 6.5 ± 1% slower than that
of H2O, and both can be mapped upon each other by introducing an
effective temperature shift of ∆T = 4.5±1 K. In contrast, the temper-
ature dependent echo lifetimes of H182 O and H2O are the same within
error. D2O and H182 O have identical masses, yet H
18
2 O is much closer
to H2O in terms of nuclear quantum effects. It is therefore concluded
that the echo is a measure of the the structural inhomogeneity of
liquid water induced by nuclear quantum effects.
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The measurable variations in the different dynamical and1
thermodynamic properties of light (H2O) and heavy (D2O) wa-2
ter, which have been noted almost a century ago (1), are consid-3
ered to be a clear manifestation of the quantum-mechanical na-4
ture of water (2). Due to the small mass of the proton, nuclear5
quantum effects (NQE) such as delocalization, zero point en-6
ergy, and tunneling, modify the hydrogen bond strength/length7
and consequently the structure and dynamics of the hydrogen-8
bond networks, which in turn are considered to be the source9
of the anomalous behavior of water (3). The most prominent10
isotope effects include the elevation in the melting point and11
temperature of maximum density by 3.8 K and 7.2 K, respec-12
tively (4), and the increase in viscosity of about 23 % at room13
temperature upon deuteration of water (1, 5–7). The higher14
structural stability and slowdown in dynamics in D2O are15
commonly explained by the stronger hydrogen bonds due to16
the reduced delocalization of the more classically behaving17
deuterium. For example, X-ray and neutron scattering con-18
firmed that the oxygen-oxygen and oxygen-hydrogen radial19
distribution functions of D2O are more structured than those20
of H2O (8, 9). However, more elaborate models of compet-21
ing quantum effect were put forward recently (10). That is,22
the anharmonicity of the OH-stretch potential renders the23
quantum-mechanical expectation value of the bond length24
longer in H2O, thereby increasing the Coulombic interactions25
of the proton to a hydrogen-bonded water. This effect causes26
the lattice constant of H2O ice Ih to be smaller than that27
of D2O ice Ih (11, 12), and the question whether hydrogen28
bonding is stronger or weaker in H2O does depend on the29
structure of the hydrogen bond networks (13). Also the inver-30
sion of the liquid-vapor isotope fractionation ratio at a certain31
temperature has been attributed to that effect (14).32
The temperature-dependent viscosity is a particularly re-33
vealing observable to discuss isotope effects (Fig. 1). Robinson34
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Fig. 1. Viscosity of H2O (red), D2O (blue) and H182 O (green) in the temperature range
relevant to this study. Data are compiled from Refs.(7, 15, 16)
and coworkers (5) and later Harris and coworkers (6, 7) demon- 35
strated that the temperature dependent viscosity η of D2O 36
(Fig. 1, blue) can be mapped onto that of H2O (Fig. 1, red) 37
by the following semi-empirical expression: 38
39
40
ηD2O(T ) =
√
mD2O
mH2O
· ηH2O(T −∆T ), [1] 41
where m is the mass of the two isotopologues. This mapping 42
works remarkably well with an accuracy of 1% in a wide tem- 43
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perature range from T=243-323 K when assuming an effective44
temperature shift of ∆T=6.5 K. The physical reasoning for45
this expression is the following: if classical mechanics would46
apply, it can be shown on very general grounds that any ther-47
modynamic property (e.g., melting point, density maximum,48
or the distribution of hydrogen bond networks as a function49
of temperature, etc.) would be the same for all isotopologues.50
This is since kinetic energy and potential energy partition51
functions separate, the latter of which being independent of52
nuclear mass (17). Dynamical properties (hydrogen-bond vi-53
brational frequencies, self-diffusion or viscosity, etc.), on the54
other hand, scale with the square-root of mass (i.e., the first55
term in Eq. 1) both in classical and in quantum mechanics.56
Consequently, the second term in Eq. 1 accounts for NQEs.57
To that end, it is commonly assumed that H2O at a given58
temperature is structurally very similar to D2O at a somewhat59
elevated temperature, the idea being that enhanced thermal60
fluctuations in the latter case mimic zero-point fluctuations61
in the former case (10, 18–22). We stress though that the62
exact number of the temperature shift ∆T varies depending63
on observable (e.g., 3.8 K for the melting point vs 7.2 K for64
the density maximum), reflecting the fact that a temperature65
shift is of course only an effective (empirical) way to account66
for NQEs.67
In this regard, the temperature dependent viscosity of H182 O,68
whose mass is the same as that of D2O, is very instructive. It69
is only ∼5% larger than that of H2O (Fig. 1, green) (16) and70
can be described as:71
ηH182 O
(T ) =
√
mH182 O
mH2O
· ηH2O(T ), [2]72
i.e., with the mass factor but without any temperature shift.73
H182 O exhibits the same NQEs as H2O, since the major source74
of NQEs is the light proton in both cases. For example, the75
melting point and the density maximum of H182 O differ by76
only 0.2-0.3 K from those of H2O (4). Nevertheless, the mass77
factor does appear in Eq. 2 and accounts for the dynamical78
aspect of viscosity.79
Conversely, Nilsson and coworkers have presented X-ray80
scattering results deep into the supercooled regime (23), and81
concluded that the D2O data can be mapped onto the H2O82
by applying the analogue of Eq. 1 with a temperature shift83
of ∆T=5 K, but without any mass factor. In light of the dis-84
cussion above, that is expected, since scattering experiments85
measure essentially instantaneous snapshots of molecular struc-86
ture, i.e., a purely thermodynamic aspect.87
The hydrogen-bonding capability of water supports locally88
distinct structures that might live for a certain, relevant time89
span. If one were to instantaneously freeze all motion of90
liquid water, similar to amorphous ice, one would obtain struc-91
turally very heterogeneous snapshots, which would result in92
inhomogeneously broadened bands in all types of vibrational93
spectroscopies that are sensitive to molecular structure (e.g.,94
dielectric relaxation and THz (24), IR (25–28), or Raman95
spectroscopy (29)). However, liquid water is of course very dy-96
namic and those structures interconvert on very fast timescales,97
which has a tendency to render the spectroscopic response98
homogeneous. Being able to discriminate homogeneous from99
inhomogeneous broadening therefore will tell a lot about the100
amount of structuring in water and the lifetime of those struc-101
tures.102
However, conventional (1D) spectroscopic techniques can- 103
not make the distinction between homogeneous and inhomoge- 104
neous broadening (30); that is the realm of photon echo and/or 105
2D spectroscopy (31). 2D IR spectroscopy has been applied 106
widely to study the time-dependent inhomogeneity of the OH 107
(or OD) stretch vibration of liquid water (32–36), revealing a 108
typical lifetime of hydrogen bonds in the order of 1 ps. Further- 109
more, 2D THz-IR-VIS spectroscopy has been demonstrated 110
recently that focuses on the coupling between inter- and intra- 111
molecular modes (37). However, the intramolecular OH stretch 112
vibration is a high-frequency mode with ~ω  kBT , which is 113
completely frozen at room temperature. A 2D spectroscopy 114
fully in the THz regime would therefore be desired, where the 115
intermolecular modes are found that are thermally excited 116
and hence render liquid water a liquid. 117
Both 2D-Raman (38–43) as well as 2D-THz (44, 45) spec- 118
troscopy have been developed, but as of today, these experi- 119
ments have not been feasible for liquid water. We (46, 47), as 120
well as Blake and coworkers (48, 49), have therefore proposed 121
2D Raman-THz hybrid spectroscopies, which did result in the 122
first 2D response of liquid water in the THz spectral range (50). 123
We concentrate on the Raman-THz-THz pulse sequence with 124
THz pulses peaking at ≈50 cm−1, i.e., in the region of the 125
hydrogen-bond bend vibration of liquid water, and spectrally 126
extending into the hydrogen-bond stretch band at ≈200 cm−1. 127
In such an experiment, the Raman pump excites an intermolec- 128
ular vibrational coherence, which after time t1 is switched to 129
another coherence state by a THz pump pulse. This coherence 130
evolves as a function of time t2 and emits a THz field that 131
is detected. Among the many possible coherence pathways, 132
there is a rephasing pathway that switches the sign of the 133
coherence, which requires that the first Raman interaction 134
induces a single-quantum transition, while the second THz 135
interaction induces a two-quantum transition (51, 52). If the 136
mode under consideration is inhomogeneously broadened on 137
the time-scale of the pulse sequence, that coherence pathway 138
will result in an echo, which peaks at a time t2 that equals 139
the time-separation t1 between the two excitation pulses. 140
In pure water, we found that the signal is indeed slightly 141
extended in the echo-direction t1 = t2 (50). Modelling the 142
data base on a very simple model (a single anharmonic oscil- 143
lator), we suggested that the echo originates mainly from the 144
hydrogen-bond bend vibration at ≈200 cm−1, and that a large 145
fraction of its linewidth is attributed to quasi-inhomogeneous 146
broadening in the slow-modulation limit with a correlation 147
time of 370 fs (52). However, the echo is masked to a sig- 148
nificant extent by the instrument response function, hence 149
we set out in a subsequent publication (53) to artificially in- 150
crease the amount of inhomogeneity by adding salts to the 151
solution. This addition indeed extended the echo, and we 152
found a strong correlation of the echo-decay time with the 153
viscosity increase induced by a particular cation. For MgCl2, 154
which is characterized as a strong “structure maker” (54), the 155
echo decay starts to exceed the free induction decay time along 156
the t1 axis, thereby establishing the concept of an echo in these 157
experiments. 158
In the present paper, we explore how NQEs affect the 159
lifetimes of structural inhomogeneities by directly comparing 160
the extent of the echo signal of the 2D Raman-THz responses 161
for H2O and D2O. We follow the temperature dependence and 162
isotope shift of the echo lifetime from room temperature down 163
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Fig. 2. 2D Raman–THz–THz responses of neat H2O and D2O at different temperatures. Full 2D signals for H2O at (a) 293 K and at (b) 276 K, as well as for D2O at (d) 293 K
and at (e) 280 K. The upper-right quadrants, which correspond to the Raman–THz–THz pulse sequence, and the main diagonals t1 = t2 (dashed line) are indicated. Panel (c)
compares 1D cuts along the t1 = t2 diagonal for H2O at 293 K (dashed red line) and at 276 K (solid blue line), and panel (f) compares those for D2O at 293 K (dashed red
line) and at 280 K (solid blue line), in either case together with single-exponential fits (dashed lines). The 1D and 2D data are normalized to the maximum signal, and the 1D
cuts start at 50 fs, after which time the effects of the pump-probe-pulse overlap can be neglected.
to their freezing points. We furthermore consider H182 O in164
order to disentangle NQEs from trivial (classical) mass effects,165
in analogy to viscosity (Fig. 1). Along with a gradual increase166
in sample inhomogeneity with decreasing temperature for a167
given isotopologue, the observed isotope effects on the echo168
lifetime is attributed to NQEs.169
1. Results170
First, we measured the 2D Raman-THz signal of H2O in171
a temperature range of 293 K-276 K. Fig. 2a,b serves to172
demonstrate the qualitative differences in the 2D response at173
the extreme temperatures considered in this study. As has174
been discussed previously (50, 52, 55), the measured signals in175
2D Raman-THz spectroscopy are governed by the quite evolved176
instrument response function (IRF), which significantly smears177
out the real molecular signatures. We will focus our analysis on178
those parts of the 2D response that are less susceptible to such179
contaminations from the IRF , i.e., the diagonal t1=t2 in upper180
right quadrant (dotted lines in Fig. 2), along which an echo is181
expected in the Raman-THz-THz pulse sequence. Figs. 2a,b182
show that the relaxation dynamics along this diagonal becomes183
slower with decreasing temperatures. Fig. 2c presents 1D184
cuts along the diagonal together with single exponential fits185
(dashed lines), for which this trend is more clearly visible.186
Fig. 3 confirms that observation on a more quantitative level187
by plotting the relaxation times of H2O (red) derived from188
the single exponential fits to the 1D cuts along t1=t2 against 189
temperature. Overall, the decay can be modelled extremely 190
well assuming a single-exponential function, and it slows down 191
by almost 20% from 74±2 fs at room temperature to 95±2 fs 192
at 276 K. 193
Next, we obtained the 2D Raman-THz responses for D2O 194
in the temperature range of 293-280 K. Figs. 2d,e show the 195
full 2D signals observed at room temperature and close to the 196
freezing point of D2O, respectively, and Figs. 2f 1D cuts along 197
the diagonal t1=t2. As in the case of H2O, the signal along 198
the diagonal is clearly extending with decreasing temperature. 199
Fig. 3 reveals that the decay times for D2O (blue) are con- 200
sistently slower than for H2O (red), ranging from 81±3 fs at 201
room temperature to 98±2 fs at 280 K. 202
Analyzing the H2O and D2O results in the context of 203
Eq. 1, we find that either one of the two correction factors 204
could explain the difference in the echo decay time, but it 205
turns out that both at the same time would overestimate 206
the effect. That is, the difference in the echo decay time 207
is 6.5 ± 1%; within signal-to-noise the same as the factor 208√
mD2O/mH2O = 1.054. In that scenario, the difference in 209
the echo decay time would reflect a (trivial) dynamical effect. 210
Conversely, given the identical slope of the two plots, one may 211
also shift the D2O data onto the H2O data by introducing 212
an effective temperature shift of ∆T = 4.5 ± 1 K. Such a 213
temperature shift is well within the range of what would be 214
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Fig. 3. Echo decay times of H2O (red), D2O (blue) and H182 O (green) as a function of
temperature. While H2O and D2O have been measured under absolutely comparable
conditions and post-processed identically, H182 O has been measured differently. For a
direct comparison with the H2O and D2O data, the H182 O data were up-scaled by 5%,
as discussed in Materials and Methods. The lines are linear fits to guide the eyes.
considered a reasonable value for a NQE; e.g., it is about the215
same as the shift of the melting point (3.8 K). If that is the216
explanation for the difference, one would conclude that the217
echo lifetime measures the different degree of hydrogen bond218
structuring of H2O vs D2O.219
From the results of H2O and D2O alone, we cannot decide220
which one of the two explanations is correct. We therefore now221
turn to H182 O, whose mass is the same as that of D2O, which222
however equals H2O in terms of NQEs. Fig. 4 compares the223
echo decay along the diagonal t1 = t2 for H182 O (green) with224
those of H2O (red) and D2O (blue) at 293 K, all of which are225
measured under directly comparable conditions, and Fig. 3226
(green) plots the echo decay time of H182 O as a function of227
temperature. In either case, the result for H182 O and H2O are228
indistinguishable within error, while the echo decay of D2O229
is clearly slower. This in turn evidences that the difference230
of H2O vs D2O is due to NQEs, and not due to a dynamical231
mass factor:232
τD2O(T ) = τH2O(T −∆T ). [3]233
We therefore propose that the echo decay time indeed reflects234
NQEs.235
2. Discussion and Conclusion236
In light of the discussion of Eq. 1, it might seem puzzling237
that the square-root-mass factor is not observed in the echo238
decay time; after all, that is a dynamical aspect. We think of239
dephasing in a liquid like water in terms of “spectral diffusion”,240
i.e. an ensemble of modes, whose frequencies fluctuate as a241
function of time with a characteristic correlation time τc (31):242
〈δω(t)δω(0)〉 = ∆ω2e−t/τc [4]243
where δω(t) = ω(t)− 〈ω(t)〉) is the deviation from the mean244
of the transition frequency, and ∆ω is the standard devia-245
tion of the frequency distribution. On the timescale τc, an246
instantaneously inhomogeneous ensemble converts into a ho-247
mogeneous one. In the limes ∆ωτc  1, one would obtain248
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Fig. 4. 1D scan of the echo decay signal measured along the diagonal t1 = t2
for H2O (red), D2O (blue) and H182 O (green) at 293 K, in either case together with
single-exponential fits (dashed lines). The insert shows the same data on a log-scale.
While these data have been measured slightly differently than those in Fig. 2 (see
Materials and Methods for details), they are directly comparable among each other.
The data are normalized to the maximum signal, and the cuts start at 50 fs, after
which time the effects of the pump-probe-pulse overlap can be neglected.
purely homogenous dephasing with T ∗2 = (∆ω2τc)−1, and in 249
the limes ∆ωτc  1 statically inhomogenous broadening with 250
an absorption band, whose width is ∆ω. In the inhomogenous 251
limes, ∆ω is the dominating factor determining the echo de- 252
cay time, while the effect of τc is minor (which can be seen 253
when calculating a rephasing coherence pathway in second 254
order perturbation theory starting from Eq. 4, see Ref. (56)). 255
While τc is a dynamical property, for which one would indeed 256
expect to observe a square-root-mass factor, the distribution 257
of frequencies is a purely thermodynamic property, which is 258
mass-independent. Since we do not observe a difference in 259
the echo decay time between H2O vs H182 O, we conclude that 260
we are in the inhomogenous limes, and indeed, a fit of the 261
experimental data of H2O at room temperature has revealed 262
∆ωτc ≈ 5 (i.e., τc=370 fs, ∆ω=75 cm−1) (52). 263
Other aspects might however contribute as well to that issue. 264
For example, any hydrogen-bond rearrangement requires the 265
rotation of a water molecule (28, 57), which is governed by 266
its moment of inertia and not its translational mass. The 267
moment of inertia of H182 O, averaged over the three principal 268
axes, is only 0.5% larger than that of H2O, thereby providing 269
another possible explanation for the mass-independence of 270
the echo decay time. The D2O results however speak against 271
that scenario, since its moment of inertia is almost twice 272
that of H2O, yet the effect on the echo decay time is only 273
5%. Hence, hydrogen-bond switching events don’t seem to 274
be rate-determining for the echo-decay time. And indeed, 275
the rotational diffusion times of H2O and D2O have been 276
calculated using ring polymer molecular dynamics (RPMD) 277
simulations, revealing a significantly larger difference of ∼30% 278
at 298 K (28). About 1/3 of that effect has been attributed 279
to the classical mass effect and the remainder to NQEs. 280
The discussion in the previous two paragraph emphasizes 281
that our strict separation of Eq. 1 into a dynamical mass 282
factor and NQEs is probably a bit of an oversimplification. In 283
particular, both the effective mass (e.g., translational mass 284
vs moment of inertia) and the effective temperature shift 285
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needed to mimic NQEs depend on the degrees of freedom that286
are relevant for a given process. At the same time, the two287
correction factors cause similar shifts and are experimentally288
very difficult to disentangle, in particular when the considered289
temperature range is small. It appears that viscosity shown in290
Fig. 1 is a particularly straight-forward to interpret observable291
in this regard. We nevertheless think that our discussion292
of Eq. 1 is a valid starting point to set the stage, and that293
the comparison of H2O vs D2O vs H182 O does contain the294
information needed to disentangle NQE from trivial (classical)295
mass effects.296
A reasonable agreement of response calculations based on297
classical MD simulations with experimental 2D Raman-THz298
signals has been obtained when a proper force field is used (55).299
Combining these simulations with RPMD, thereby including300
NQEs, will be computationally very expensive, but is not out301
of reach. That is, while RPMD simulations of water have been302
connected to various spectroscopic observables, such as IR (26–303
28) or X-ray absorption spectroscopy (58), they required the304
calculation of only a two-timepoint correlation function, as305
they simulated one-dimensional responses. Converging a three-306
timepoint correlation function required for 2D-Raman-THz307
spectroscopy will be computationally much more expensive,308
but efficient concepts to perform this task have already be309
proposed (59). In any case, such simulations will be needed310
to test to what extent the very idea of Eq. 1 describes the311
2D-Raman-THz echo of liquid water properly.312
Materials and Methods313
The experimental setup for 2D Raman THz spectroscopy has been314
introduced in detail in previous publications (50, 51, 53). In brief, a315
train of short (100 fs) 800 nm pulses with a bandwidth of 300 cm−1316
(9 THz) delivered from a 5 kHz amplified Ti:sapphire laser system317
was split into three parts. The biggest fraction with energy of 200 µJ318
was used as Raman-pump, whose beam diameter in the sample has319
been 250 µm. The second beam with energy of 10 µJ was used to320
generate short THz pulses by means of optical rectification in a321
100 µm thick (110) GaP crystal. Finally, the third weak portion322
of the fundamental beam (a few nJ’s of energy) was used to detect323
the generated THz field in an identical GaP crystal by sensitivity-324
enhanced (60) electro-optic sampling and balanced detection. The325
pulse duration of the THz pulse was 140 fs, peaking at 1.4 THz326
and extending to 7 THz. The THz pulse was focused to 250 µm327
in the sample by means of a custom-made elliptical mirror with a328
numerical aperture close to 1. The delay between the Raman-pump329
and generated THz field, which define time t1, was controlled with330
a conventional translational stage in steps of 50 fs, while the delay331
between THz generation and detection (time t2) was controlled by a332
rapid scanning motor (APE), which allows for obtaining the entire333
THz wavefront in 1 s.334
A 40 µm thick wire-guided gravity-driven water jet was used335
for the measurements (61) to avoid any signal contribution form a336
window material. The temperature of the water jet was controlled337
by an external water-ethanol bath, which cooled the water reservoir338
just above the jet. The temperature was measured in close proximity339
to the intersection region of Raman and THz pulses in the jet with340
an accuracy of ±0.5 K.341
Due to the small signal size, a substantial acquisition time is342
needed, typically on the order of 24 h per full 2D data set. The343
stability of the laser system and the water jet is a concern on344
that timescale. An active beam stabilization scheme was used to345
correct for beam walking of the laser system. To reduce drifts in the346
water jet thickness (e.g., due to evaporation of water), an active jet347
stabilization has been implemented, where the thickness of the jet348
was measured based on the time-delay of the transmitted THz pulse349
and was corrected by adjusting the water flow. Moreover, during350
the post-processing, the data, which consists of typically 300-500351
individual 2D Raman-THz scans, were corrected for temporal drifts352
by adjusting the signal maxima in sequential data subsets with a 353
typical size of 100 scans. 354
The diagonal signal shown in Fig. 2c,f were constructed by 355
averaging over the main diagonal t1 = t2 and the first upper and 356
lower off-diagonals, and their decay times were determined from 357
single exponential fits. The major source of error in the decay 358
time is the offset level for large times t1 = t2, which has been 359
subtracted. To determine its uncertainty, the standard deviation 360
of the background signal in the response-free quadrant (t1 < 0 and 361
t2 < 0) has been estimated, from which the error in the decay time 362
has been calculated. Great care was taken to measure H2O and 363
D2O subsequently and under exactly the same conditions, and to 364
post-process the data the same way, in order to be able to compare 365
decay times with an accuracy of ≈1-2 fs. 366
To reduce the measurement time for the quite expensive H182 O, 367
only the diagonal t1 = t2 has been measured, which results in a 368
larger uncertainty of the time zeros t1 = t2 = 0, since one misses 369
the peak of the 2D signal. Therefore, H2O and D2O have been 370
measured as well along with H182 O under exactly the same conditions. 371
Fitting these H2O and D2O data revealed 5% faster time constants 372
compared to those in Fig. 2. Consequently, the H182 O data shown in 373
Fig. 3 (green line) are up-scaled by that factor to facilitate a direct 374
comparison. 375
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